ABSTRACT
Introduction
A novel marine lysozyme was purified from a marine microorganism. The lysozyme had extremely broad antimicrobial spectrum. it was stable in the presence of surfactants and thickening agents and showed good adaptability to low temperature, compared to lysozymes from other resources (15) . These characteristics provided tremendous potency in its application. however, the main problem at present is how to get a stable preparation with high activity.
Freeze-drying was a commonly used stabilization technique for many proteins, yielding satisfactory products during longterm storage (11) . Moreover, the decreased weight would favour its transportation and application. The freeze-drying process was important for the structural appearance of the final products (13) . Generally, the freeze-drying process comprised of three main steps: freezing, drying in vacuum and rehydration. However, under freeze-drying condition, lysozyme might be denatured (1) , which made it especially essential to find out some effective protectants for the lysozyme.
Recently a great deal of cryo-protective agents were used in freeze-drying technology, including: polyhydroxy compounds, saccharides (9) , amino acids, surfactants, etc. Consequently, to minimize the perturbation of protein native structure during freeze-drying, it was vital that non-specific protectants such as sugars and some surfactants should be incorporated within the protein formulation. It has been recently noted that trehalose, a glass-forming disaccharide, is a well-known protective agent capable to protect many organisms under suboptimal conditions (12) . Vitrification and water substitution mechanisms have both been proposed as explanations for the protective effects of carbohydrates during dehydration. Pikal proposed that the water substitution hypothesis describes a thermodynamic mechanism that was dependent on the free energy of unfolding, whereas the vitrification hypothesis was purely kinetic in origin and was related to the rate of unfolding. however, there is no mechanism to account completely for the stabilization proteins during dehydration. Furthermore, Tween 80 is a nonionic surfactant well-known for its cryo-protective properties. The presence of a hydrophobic segment in the surfactant increased their ability to target the hydrophobic region of the unfolded proteins and protected them from selfassociation.
The present work is aimed to investigate the protective effects of three disaccharides and Tween 80 on marine lysozyme during freeze-drying. Meanwhile, the optimal technology is established and the protective mechanism is elucidated.
Materials and Methods
Purification for marine lysozyme An extracellular lysozyme from marine strain S-12-86 was purified to homogeneity by ultrafiltration using a hollow fiber (molecular weight cut of, 50 kD) and concentration using a hollow fiber (molecular weight cut of, 10 kD), CM-Sepharose FF cationic-exchange and Sephadex G-100 chromatography (16) .
Protein concentration determination
The protein concentration was determined according to the method described by Bradford (4) .
Assays of enzyme activity
The biologic activity was measured using an assay based upon the lytic action of lysozyme on Micrococcus lysodeikticus cells, and the absorbance of the suspension turbidity was measured 2). A volume of 0.3 ml of an appropriately diluted lysozyme solution was added into 2.7 ml of the suspension. The decrease in absorbance was monitored during a total period of 3 min. The activity was calculated from the slope of the linear region of the ΔA 450 nm/time curve, assuming that one unit of enzyme activity will reduce the ΔA 450 nm by 0.001 min -1 under the conditions employed.
Freeze-drying process
Sugar and lysozyme concentrations up to 0.9 M and 50 mg ml -1 were used in the final samples for freeze-drying. Then the samples were frozen at -80°C for 3 h and then transferred to a freeze-dryer (LGJ 0.5 desk-top freeze-dryer, BeiJing scientific instrument, China) shelf and processed according to identical two steps. The primary drying was performed in dryer for 26 h at vacuum decreased to 13.0 Pa and shelf temperature of -45°C, where the sublimation occurred below the collapse temperature. Meanwhile, the secondary drying was performed in a stepwise manner up to 25°C for a total period of 4 h. After drying, the formulation was rehydrated to the same volume as that before drying.
Residue moisture analysis
The moisture content was determined using a TGA 2050 thermo gravimetric analyzer. Samples of powders (5 mg -10 mg), after freeze-drying, were placed in an open aluminum pan and loaded into the sample compartment. The sample was equilibrated at 25°C and then the data were collected by a heating rate of 1°C min -1 between 25°C and 50°C.
Results and Discussion
Cryo-protective effects of sugars The investigation into lysozyme during freeze-drying and rehydration processes tended to demonstrate that the stabilization was greatly influenced by protective agents, which conserved the materials against the adverse effects of freeze-drying (7). The variations concerning the cryoprotective effects of three sugars on the marine lysozyme, evaluated by the assays of enzyme activity are summarized on Fig. 1 . Trehalose, sucrose and maltose exhibited a good cryoprotective effect during freeze-drying, that was in agreement with the fact that cryo-protective sugars could improve the viability of lactic acid bacteria after freezing and freeze-drying (3). In particular, no side effects after freeze-drying were observed for marine lysozyme in presence of any of the three sugars. The results suggested that trehalose, for the particular lysozyme, exhibited a better cryo-preservative effect, whereas the enzyme maintained 88% relative activity after freezefrying. Fig. 1 . The protective effect of three sugars under different sugar concentrations with lysozyme (50 mg ml -1 ) during freeze-drying and rehydration processes. (The group without sugars (█) was used as the control. The data points were expressed as mean±SD, n = 4 in each group, and the initial activity of marine lysozyme before freeze-drying was defined as 100%, about 3000 u mg
The optimal protectants formulation Finally, tween 80 and trehalose were used in the freeze-drying technology. The effects of trehalose and Tween 80 during freeze-drying procedures are displayed at Fig. 2 . As the results presented, the final formulation for freeze-drying was composed of trehalose (0.5 M) and tween 80 (20 mg l -1 ) as protectants for lysozyme (50 mg ml -1 ) in double distilled-water, demonstrating about 10 percents activity increase compared with trehalose alone. 
Effects of moisture content
The moisture content of freeze-dried lysozyme as a function of protectants is shown in Table 1 . the moisture content of the freeze-dried lysozyme formulations were 12 ± 0.8% in absence of protectants and it was found to be decreased when trehalose and tween 80 were added. The effects of trehalose on the decrease of the moisture content was partially attributed to the increased hydrogen bonds occurring between the sugar and the proteins as the sugar concentration was increased, which led trehalose to substitute more water molecules. The decrease of the moisture content after tween 80 was attributed to the hydrophobic interactions between the lysozyme and tween 80, and it was found to be less effective than trehalose. In fact, freeze-dried lysozyme in absence of protectants lost about 30% activity and the loss of activity was significantly decreased when trehalose and tween 80 were added in order to diminish the moisture content. All freeze-dried lysozyme formulations in absence of protectants showed good cake structures with no signs of collapse. There were no significant differences between the structural appearance of freeze-dried lysozyme in presence of trehalose alone and in presence of both trehalose and tween 80. The data points were expressed as mean±SD, n = 4 in each group, the initial activity of marine lysozyme before freeze-drying was defined as 100 %, about 3000 u mg -1 Residual activity analysis The residual activity of freeze-dried marine lysozyme in presence of protective agents shown on Fig. 3 and Fig. 4 , was greater compared to those without protectants during 30-days-storage, both at solid conditions (4°C and 25°C) and liquid conditions (pH 6.2, pH 6.8, pH 7.4, pH 8.0). The results indicate that this technology could effectively enhance the stability of marine lysozyme. Moreover, the calculation indicated that marine lysozyme prepared by the optimized protectants formulation was more stable in solid condition, since the activity losses were 6% (4°C) and 8% (25°C) after one month storage, while these were more than 20% for the solutions. Furthermore, the residual activity at 25°C was just a little less than that at 4°C after three month of storage (data not shown). Therefore, the lysozyme could certainly be preserved at room temperature omitting the multifarious and expensive performances to provide a low temperature environment. Fig. 3 . Residual activity of marine lysozyme during 30-days-storage without protective agents in freeze-drying processes. The freeze-dried lysozyme rehydrated with sodium phosphate buffer (pH 6.2, pH 6.8, pH 7.4, pH 8.0) was stored at 25°C in solutions, while the temperature stability test was maintained the freeze-dried lysozyme in solid at 4°C and 25°C conditions. Data represent an average of three replicates and the initial activity of marine lysozyme (100%) was about 2000 umg -1 Fig. 4 . Residual activity of marine lysozyme after freeze-drying in presence of trehalose/tween 80 during 30-days-storage. All of the experimental conditions were the same as in Fig. 3 expect for the lysozyme here that was treated by trehalose and tween 80 during freeze-drying processes. Data represent an average of four replicates and the initial activity of marine lysozyme (100%) was 2800 u mg -1 The mechanisms the mechanisms by which sugars effect the stabilization of proteins are controversial. Two non exclusive mechanisms (14) have been proposed to account for the stabilization of proteins conferred by agents during the dehydration stage of the freeze-drying procedure. These involve vitrification and water substitution. The latter mechanism involves the formation of hydrogen bonds between the protectants and protein molecules that are believed to be responsible for the inhibition of the unfolding of the proteins (2) . Whereas, the vitrification mechanism clarifies protectants with higher glass transition temperature (tg) contributing to form a viscous amorphous glass formation. the latter restricts in a nonspecific manner the conformational flexibility of the protein. however, there is no mechanism to account completely for the proteins stabilization during the stage of freeze-drying.
In this study, the sugar effects tend to support both the water substitution hypothesis and the vitrification hypothesis.
Dehydration during freeze-drying is the main stress responsible for the denaturation of the native structure of lysozyme. The stabilization conferred by protectants during dehydration is brought primarily by saccharides substituting water molecules on the surface of the protein. trehalose is able to replace more water molecules stabilizing the 3D protein structure during dehydration than the other two sugars and thus creates more sugar-protein H-bonds. In addition, trehalose possesses a higher glass tg than the other two sugars, which results in a stronger decrease of the protein dynamical fluctuations (5, 10) . Low Tg additives including sucrose and maltose are found to confer a limited stabilization when freeze-drying is effected using a two-step procedure. Such stabilization may be a consequence of the molecular mobility within the additiveprotein mixtures. The immersion of proteins in sugar/water environments is well-known to stabilize proteins by slowingdown of proteins dynamical fluctuations (6) . It is found that the mobility of trehalose/water solution is slowest among the three disaccharides. This solution can be maintained in the socalled slow dynamics regime i.e. viscous regime at a higher temperature than sucrose or maltose. In addition, the viscous state, a low mobility state might also allow a decrease in the intermolecular contacts of lysozyme, preventing possible aggregation. therefore, possible protein conformation changes could be reduced more in the presence of trehalose than the other two sugars during freeze-drying processes.
Meanwhile, nonionic surfactants are generally "milder" in their interaction with proteins meaning they most often do not denature the protein. The presence of a hydrophobic segment in Tween 80 increases their ability to target the hydrophobic region of the unfolded lysozyme and protects them from self association. tween 80 will absorb onto the abnormally exposed hydrophobic regions of the unfolded proteins, alter local hydrophobic interactions as well as alter the local surface tension in such a fashion as to facilitate protein disaggregation and refolding (8) .
Conclusions
the intention of this investigation was to reveal certain aspects on the protective effects of three well known sugars and one surfactant as protectants for lysozyme by freeze-drying. This work may clearly show that trehalose, maltose and sucrose can preserve the native state of proteins and the results demonstrate that trehalose provides a more effective protection than sucrose and maltose. Finally, a satisfactory lyophillization is established by using trehalose and tween 80 as protectants.
